Nonetheless, even at the earliest stage examined (E13.0), mutants and controls differed from each other.
Muscle
Moreover, spacing and size of axons in the nerve did Muscles were thinner in ChAT Ϫ/Ϫ mice than in littermate not differ markedly between mutants and controls. Howcontrols by E13.5, a difference that became more proever, the number of axons in mutant phrenic nerves was nounced over the next several days (Figures 2B-2D ). By over twice that in control nerves ( Figure 2K ). The number E16, the liver had herniated through the tendinous center of Schwann cells (identified by association with axons of the diaphragm in most ChAT Ϫ/Ϫ embryos ( Figure 2E ; beneath a shared basal lamina) was also increased in Ͼ85% of E16-19 mutant embryos but no controls), premutant nerves ( Figure 2L E14.5 at the cervical levels from which the phrenic nerve Second, activity might be required for myotube survival, arises (Yamamoto and Henderson, 1999) . Second, paralconsistent with the known vulnerability of newly formed ysis leads to axon branching in adult muscle (collateral myotubes to denervation (Sandri and Carraro, 1999). In sprouting; Brown et al., 1981), and this might also occur fact, degenerating, actin-positive myotubes were interin the embryonic nerve trunk. To test for branching, we spersed with viable myotubes in mutant muscles at compared the numbers of axons at proximal and distal E17.5 ( Figure 2F ). These myotubes had differentiated points in the same nerves. The number of axons did not extensively before dying, as some contained sarcomdiffer between proximal and distal levels in controls; eres and bore neuromuscular junctions (data not there was a slight increase distally in mutants, but it shown). Third, activity might support myotube growth, was not statistically significant ( Figure 2K ). To test for as expected from the atrophy that occurs following paincreased motoneuron number, we counted spinal ralysis of postnatal muscle. Consistent with this possibilmotoneurons in lower cervical and upper thoracic segity, the diameter of myotubes was smaller in mutant ments of the spinal cord, which innervate the diaphragm than in control muscle ( Figure 2G) The phrenic nerve normally splits into three primary whether low levels of AChR activation that might occur trunks as it nears the diaphragm ( Figure 2A ). The two in agrin and MuSK mutants are sufficient to prevent the largest enter the muscle, then turn in opposite directions muscle dysgenesis seen in the absence of acetylcholine.
and run perpendicular to myotubes; the third runs dorAgrin and MuSK mutant muscles were thicker and consally to innervate the crus. Small groups of axons leave tained more myotubes than ChAT mutant muscles. the nerve trunks, branch further, and innervate myoMoreover, little if any necrosis or atrophy and no herniatubes. In ChAT Ϫ/Ϫ mice, the main trunks formed, but tion were visible in the agrin and MuSK-deficient musthere was a dramatic excess of secondary branching, cles ( Figure 2G and data not shown). These results sugresulting in the nerve covering a larger fraction of the gest that acetylcholine can exert effects on developing muscle's width in mutants than in controls (Figures 3A-muscle in the absence of well-formed NMJs. 3C). Defects were evident as early as E13, soon after Phrenic Nerve axons entered the muscle but before AChR aggregation As early as E13.5, the phrenic nerve of mutant mice was was detectable (see below). Although the precise larger in diameter than that of controls, a difference that branching pattern varies from embryo to embryo within persisted throughout embryogenesis ( Figure 2H and both mutant and control populations, abnormalities data not shown). Possible explanations included inwere obvious in all mutants examined at all stages of creased number of axons or axon branches, failure of embryogenesis. Interestingly, defects were confined to axons to bundle tightly, or excessive nonneural cells or intramuscular portions of the nerve, supporting the idea extracellular matrix. We used electron microscopy to that they resulted from faulty nerve-muscle interactions. distinguish among these alternatives. As shown in Fig- To ask whether branching defects are a general conures 2I and 2J, the overall structure of the phrenic nerve sequence of ChAT deficiency, we examined three other was normal in mutants: individual axons were wrapped muscles: crus, intercostals, and triangularis sterni (Figby Figure 3F ). The endplate band was twice as wide in mutants as in controls in diaphragm, triangularis, and haps myopodia were not described previously in vertebrate muscle because of their rarity and small size or intercostals ( Figures 3G and 3H and data not shown).
An obvious possibility was that the endplate band because they are much more difficult to notice in sections than in whole mounts. was widened as a consequence of the increased number of motor axons running in the muscle. To test this possiAChR clusters appeared on schedule in ChAT Ϫ/Ϫ mutants, but they were smaller than those in controls. Most bility, we examined mice lacking a proapoptotic protein, BAX. BAX Figure 4B ; Ͼ50% of myopodia were Ͻ0.5 m from an axon-essentially in contact-and only 6% diaphragm and triangularis sterni were no wider than those of age-matched controls ( Figures 3F-3H ). Thus, were Ͼ15 m from an axon). Some myopodia in mutants were longer and more branched than any seen in conthe influence of neurotransmission on the distribution of synapses in muscle is independent of its role in regutrols. These results suggest that the formation or persistence of myopodia is regulated by neurotransmitter. An lating axon number.
We also asked whether neurotransmission affected alternative explanation, that the excessive innervation of ChAT Ϫ/Ϫ myotubes provoked excessive myopodia forthe spatial pattern of gene expression in muscle. In normal muscles, the few myonuclei associated with each mation, was ruled out by the observation that few myopodia were present in age-matched BAX Ϫ/Ϫ myotubes postsynaptic membrane are transcriptionally specialized; they express genes encoding several components ( case, abnormalities might reflect not only lack of neurotransmission but also the absence of two major components of the terminal: ChAT itself and the acetylcholine it synthesizes. In several respects, however, nerve terminals formed normally in the absence of their neurotransmitter. Light microscopic examination showed that ChAT Ϫ/Ϫ axons formed synaptic varicosities at NMJs (Figures 4B and 4C) . Electron microscopy revealed structurally conventional nerve terminals, closely apposed to the myotube membrane ( Figure 5A ). The terminals contained numerous electron-lucent synaptic vesicles similar in diameter or abundance to those in control muscles. Moreover, in mutants as in controls, vesicles were concentrated in nerve terminals, with lower density in preterminal portions of the axon. Within nerve terminals, vesicles aggregated near dense regions of the presynaptic membrane, called active zones, where exocytosis occurs ( Figure 5B ). Active zones were present in similar numbers in mutant and ChAT Ϫ/Ϫ terminals ( Figure  5D ). Thus, inability to synthesize neurotransmitter does not prevent extensive presynaptic differentiation.
To probe the molecular architecture of synaptic vesicles, we used immunohistochemical methods. Major proteins common to all synaptic vesicles (synaptophysin and SV2), as well as a specific marker of cholinergic vesicles, the vesicular acetylcholine transporter (VAChT; Eiden, 1998), were present in mutant nerve terminals (Figures 5E and 5F and data not shown). Thus, synaptic vesicles acquire generic and at least some transmitterspecific characteristics in the absence of the neurotransmitter itself. Interestingly, ChAT and VAChT genes are in the same genomic locus; the single VAChT coding exon has a polyadenylation signal just 413 bp upstream of the ChAT N exon shown in Figure 1A .
To assay exocytosis from mutant nerve terminals, we treated muscles with the spider venom protein ␣-latrotoxin (reviewed in Sudhof, 2001 ). Although its mechanism of action remains incompletely understood, latrotoxin is known to elicit massive transmitter release from adult neuromuscular junctions without detectable effects on preterminal portions of the motor axon. As previously reported for postnatal muscles, latrotoxin depleted vesicles from embryonic control muscles, but active zones persisted (data not shown). Likewise, incubation with latrotoxin but not vehicle led to loss of vesicles from ChAT Ϫ/Ϫ nerve terminals ( Figure 5C ). This result demonstrates that vesicles lacking both neurotrans- We also examined Schwann cells, which are closely Aberrant Maturation of Synapses Although NMJs are functional soon after they form, they apposed to nerve terminals at normal NMJs and are known to respond to axon-derived signals. Electron micontinue to mature over a prolonged period that lasts until at least the third postnatal week. Many of the later croscopy showed that Schwann cell processes also capped terminals in ChAT Ϫ/Ϫ muscle ( Figure 5A and data steps in postsynaptic development are thought to be activity dependent (Sanes and Lichtman, 1999). Some not shown). Staining for a Schwann cell-specific marker, was more rapid in mutants than in controls. Mutant and control clusters were similar in area on E15-16, but the average area in mutants was 89% and 68% larger than that of controls at E17.5 and E19, respectively ( Figures  6C and 6D ). Even more striking was a change in the shape of the NMJ. In wild-type mice, most AChR clusters are uniform and ovoid at birth; shortly thereafter, the plaque becomes perforated to form a "doughnut," which is the first step in elaboration of the branched "pretzelshaped" morphology of the adult (Slater, 1982; Marques  et al., 2000) . In mutant muscles, some plaques were perforated by E17.5, and ‫%07ف‬ were perforated before birth (Figures 6C and 6E) . Such precocity was not observed in BAX Ϫ/Ϫ mutants, suggesting that it was not a consequence of neuronal excess (Figures 6D and 6E) .
We also noted that the phrenic nerve matured precociously in ChAT Ϫ/Ϫ mice. In controls, myelination occurs exclusively postnatally, but some axons were myelinated in mutants by birth ( Figures 2J and 6F ).
Number and Spacing of ChAT
Ϫ/Ϫ Neuromuscular Junctions In most mammalian skeletal muscles, including diaphragm and triangularis sterni, muscle fibers bear a single synaptic site. Multiple axons initially innervate that site, then all but one is withdrawn postnatally, by a process called synapse elimination (Sanes and Lichtman, 1999). As noted above, the extent of hyperinnervation tion that myopodia number and size are increased in ChAT mutants, suggest that nerves use both agrin and How might inactivity regulate synaptic distribution? One possibility is that the width of the endplate band is acetylcholine to shape their postsynaptic target; agrin might stimulate formation of myopodia, and neurotransdetermined by the muscle and then refined by the nerve. This interpretation is suggested by the finding that AChR mission might lead to their disassembly. In this way, an ingrowing axon could attract its postsynaptic partner, Finally, we note some limitations of our study. First, then stabilize a contact once a functional synapse is as mentioned above, the multiplicity of abnormalities established. Analysis of agrin/ChAT double mutants makes it difficult to determine which effects of inactivity may provide a way to test this hypothesis. Interestingly, are primary and which are consequences of earlier demyopodia resemble in some respects the dendritic filofects. A second limitation is that acetylcholine may be podia that have been implicated as active partners in involved in more than conventional neuromuscular the formation of central synapses (Ziv and Smith, 1996;  transmission even at the NMJ. For example, Schwann  Wong et al., 2000) . cells respond to acetylcholine (Georgiou et al., 1999) , Together, these alterations in numbers of axons, axoso lack of ChAT might affect their development, which nal branches, myotubes, and myopodia challenge the might, in turn, affect other aspects of synaptogenesis. widely held view that early aspects of synaptogenesis Third, autonomic and central cholinergic synapses are are activity independent (see Introduction and Goodman surely affected in the mutant, and even some nonneuand Shatz, 1993, for references). In vitro, motor axons ronal cells bear cholinergic receptors, but neonatal lecan release neurotransmitter even before they contact thality makes these structures difficult to study. Indeed, myotubes and activate AChRs almost immediately upon preliminary observations have revealed dermal abnorcontact (Hume et al., 1983; Chow and Poo, 1985). Our malities in mutants (T.M., unpublished data), consistent results strongly suggest that such release is developwith suggestions that keratinocytes are cholinergically mentally important. Moreover, neurons exhibit spontaregulated (Grando, 1997). Fourth, some roles of synaptic neous activity even before they form synapses, and, at activity are likely to be based on differences in activity least in vitro, activity can affect early events such as between axons rather than the total amount of activity neuronal differentiation and axonal outgrowth (reviewed in the circuit, in which case complete blockade of acin Zhang and Poo, 2001; Spitzer, 2002) . Thus, so many tivity may not be informative. Fortunately, the allele we early events relevant to synaptogenesis are activity degenerated is conditional, so we may be able to circumpendent that, in a very real sense, synaptogenesis itself vent some of these limitations. In the studies presented is regulated by activity from its inception. A distinction here, ChAT exons were deleted in germ cells, so the between activity-independent and -dependent phases mutants were nulls. In the future, however, we can demay be valid for simplified preparations, such as dissociliver cre under temporal or spatial control, to excise ated, cultured neurons, but cannot be extended to the ChAT after synaptogenesis is underway or in just a subembryo.
set of motoneurons. In addition, limiting excision to suAt later stages, some aspects of synaptic maturation praspinal portions of the nervous system may allow us to were delayed in the mutant, but other aspects occurred bypass lethality and study central cholinergic pathways. 
